Multilocus sex determination revealed in two populations of gynodioecious wild strawberry, Fragaria 1 vesca subsp. bracteata 2 3 4 Abstract 1 1
INTRODUCTION 2 4 1 female and 33 were hermaphrodite (1:3 ratio; χ 2 = 0.07; P = 0.79). Using these data we unambiguously 2 4 2 mapped male sterility in these plants to a region near the 3´ end of chromosome LG6 (Figure 1 ).
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Specifically, at 14 sites on 10 targeted sequence capture probes between Fvb6_34958975 and 2 4 4 Fvb6_36048692 (Figure 2A ; Table 2 I), we observed a perfect match to male function. These perfectly 2 4 5 matching sites include the region Fvb6_35142k (also Sanger genotyped in other crosses; Table 2 II cosegregated perfectly with sex type (P = 0.0001). At these two sites, all 8 females are homozygous for 2 4 8 one of the two parental haplotypes ("G_T" at the Fvb6_35142k sites; hermaphrodites were either heterozygous or homozygous for the other parental haplotype ("T_C or 2 5 0 "G/T_C/T" at the Fvb6_35142k sites), consistent with recessive male sterility (LOD = 8.8; Figure 1 ).
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From this we infer the genotype of NM-LNF23 to be Rr at the male function locus and its female progeny 2 5 2 to be rr and hermaphrodite progeny to be RR or Rr (Table 3 ). Adjacent to these markers, the nearest 2 5 3 mismatching markers are upstream at Fvb6_34839229 and downstream at Fvb6_36607138, and thus the 2 5 4 male sterility locus must occur in the 1.769Mb region between these two markers (Figure 2A ). The SNPs 2 5 5 just outside this region, including in regions Fvb6_34763k and Fvb6_36607k (Table 2 II-A) also 2 5 6 segregated significantly with sex type (P < 0.001), although at Fvb6_34839229 and farther upstream, a 2 5 7 single female mismatched, while at Fvb6_36607138 and father downstream, one females and two 2 5 8 hermaphrodites mismatched. The 1.768Mb region on Fvb6 that shows a perfect match to male-sterility contains 361 genes in 2 6 0 the Fragaria vesca Hawaii 4 reference genome (Table S3 ). Including 182 that are upregulated in anthers, 2 6 1 pollen or microspores, with one male gametophyte-specific gene, and several F-box proteins that have 2 6 2 been seen to be upregulated in meiotic anthers at stage 9 (Hollender et al. 2014) . Other gene classes proteins. This region also includes 15 PPR genes (Table S3) , 12 of which occur in the 1Mb span between 2 6 5 Fvb6_35Mb and Fvb6_36Mb, and 10 of which occur in the 0.5Mb span between Fvb6_35Mb and 2 6 6
Fvb6_35.5Mb. This cluster of PPRs is unusually dense in this region relative to the rest of the genome 2 6 7 (mean genomic PPR density = 2.9 per Mb). In fact, only one other genomic location, on Fvb5, contains a 2 6 8 higher density cluster of PPRs (Figure 1 ). Although none of these PPRs are orthologs of the Raphanus Rfo fertility restorer and Arabidopsis fertility restorer-like (RFL) genes (Fujii et al. 2011) , four are in the 2 7 0 PLAZA gene family HOM03D000002, and one of these (gene04450) is predicted to be mitochondrial 2 7 1 targeted (Table S4 ). This gene family contains the Raphanus Rfo gene and 25 of the 26 Arabidopsis RFL 2 7 2 genes, as well as PPRs at two fertility-restorer loci recently identified in a hybrid cross almond×peach 2 7 3 (Donoso et al. 2015) . The RF1 locus on peach LG2 has 1 of 4 PPRs in this gene family, while the RF2 2 7 4 locus on peach LG6 has a dense cluster of 12 HOM03D000002 PPRs in 843.5 kbp. Five of these are 2 7 5 considered orthologs of the Arabidopsis RFL genes (Table S4 ). The progeny of selfed hermaphrodite NM-LNF25 showed a 1:3 female to hermaphrodite sex ratio 2 7 8 (χ2 =1.42; P =0.23) which is consistent with heterozygosity at a male function locus (Rr) ( Table 1A; 2 7 9 Table 3 ). The progeny of selfed hermaphrodite NM-LNF14, however, deviated significantly from a 1:3 2 8 0 female to hermaphrodite sex ratio (χ2 =10.00; P =0.002); leading us to propose a third, yet unmapped, 2 8 1 locus affecting male function (locus LGx). The progeny sex ratio from selfed hermaphrodite NM-LNF14 2 8 2 is consistent with a 9:7 sex ratio (χ2 =0.47; P =0.49) that could result from selfing of a plant heterozygous 2 8 3 at two male function loci (Rr and Tt) (Table 1A ; Table 3 ). Sequencing the progeny from this cross for the 2 8 4
Fvb6_35142k locus and evaluating the positions 35142280 and 35142453, we find that of the 15 2 8 5 hermaphrodite offspring, all either G, T or G/T, C/T at these two sites, but none of them are T_C. This LGx. All other parents from NM-LNF are proposed to be TT at this locus (Table 3) . Crosses involving the NM-LNF hermaphrodites as sires each with three NM-LNF females 2 9 0 produced progeny sex ratios (1:1) consistent with hypothesized genotypes of Rr TT for two of the 2 9 1 hermaphrodites, and Rr Tt for one (NM-LNF14) and females all rr TT (all χ 2 < 1.6, P > 0.19; Table 1A ). The reciprocal crosses between NM-LNF25 and NM-LNF23 also produced progeny sex ratios (1:3) 2 9 3 consistent with hypothesized genotypes of Rr TT for both of these hermaphrodites, though one of these 2 9 4 crosses had very low seed set (P > 0.80; Table 1A ; Table 3 ). The reciprocal crosses of NM-LNF14 with 2 9 5 NM-LNF23 and NM-LNF25 also produced few seeds. The one cross that produced sufficient seeds NM-
LNF14xLNF23 segregated in a manner consistent with the putative genotypes (1:3; P = 0.43).
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We sequenced 20 progeny from female NM-LNF2 by hermaphrodite NM-LNF23 cross for the 2 9 8
Fvb6_34763k and Fvb6_35142k markers and found three SNP that segregated with sexual phenotype 2 9 9 (Table 2 II haplotype is G_T, all 9 hermaphrodites are T_C and 9 of the 11 females are G_T/T_C (P <0.0003). SNP 3 0 1 position 34763440 of Fvb6_34763k also segregates with sex (P< 0.0001), and is consistent with only the 3 0 2 same two female types mismatching, although the genotype is missing for one putatively mismatched In sum, there is a clear indication from the combined phenotypic and genotypic data that the Fvb6 To evaluate whether hermaphrodites from OR-MRD also carried sex determining loci we 3 1 2 evaluated progeny sex ratios from three self-pollinated hermaphrodites. One (OR-MRD93) showed a 3 1 3 pattern consistent with a 1:3 sex ratio (χ2 <0.5; P >0.50), but not 0:1 (χ2 =50.6; P <0.001), one (OR-3 1 4 MRD61) deviated significantly from 1:3 (χ2 =14.3; P <0.001) but fit a 0:1 ratio (P >0.30), and one (OR-3 1 5 MRD45) fit both 1:3 and 0:1 equally well (both χ 2 <0.5; P >0.30), (Table 1B) . From this we inferred the 3 1 6 genotype of OR-MRD93 as a Rr TT heterozygote and OR-MRD61 as a RR TT homozygote (Table 3) . Crosses conducted between OR-MRD61 and the other two OR-MRD hermaphrodites produced nearly inferred genotype of OR-MRD61 as RR TT. The other hermaphrodite by hermaphrodite crosses, and OR-MRD45) ( Table 1C ). And although too few seeds (4 and 7 hermaphrodite progeny) were 3 2 2 produced from OR-MRD93 x OR-MRD45 reciprocal crosses to differentiate between 1:1 or 1:3 ratios, 3 2 3 crosses between OR-MRD45 and NM-LNF plants (see discussion below; Table 1C ,D) clarify the 3 2 4 genotype of OR-MRD45 as RR at the LG6 locus. In addition, because the OR-MRD45 self-cross 3 2 5 produced a few female progeny (Table 1B) , we deduce the genotype of OR-MRD45 as RR Tt (Table 3) . To determine whether sex of progeny from these hermaphrodites is determined by the same region as in NM-LNF hermaphrodites we genotyped progeny from OR-MRD93self at the LG6 markers ( Table 2   3 being G/T-/A/G heterozygotes or G_A homozygotes. Thus, we have evidence here that the male sterility dam. The fact that the same genomic region determines sex in both OR-MRD93 with A mitotype and 3 3 3 NM-LNF with F mitotype (Table S1) suggests that the same R locus is responsible for sex phenotype in When all three OR-MRD hermaphrodites were used as sires on three different females from OR-3 3 7 MRD, all produced 1:1 female to hermaphrodite ratios (all χ 2 <2.63; P >0.11; Table 1B ). Such patterns dominant allele in coupling with male sterility on the LG4 chromosome determines sex. Females were 3 4 0 thus inferred to be MSmf whereas hermaphrodites to be mfmf at this locus (Table 3) . Finally, genotyping the hermaphrodite progeny from the OR-MRD61 x OR-MRD93 cross showed 3 4 2 no SNP segregating with sexual phenotype as expected from a Rr x RR cross (Table 2 II-B; Table 3 ). It 3 4 3 also suggests that these sex determiners are allelic and function both on the A mitotype and C mitotype 
Sex expression in OR-MRD crosses

Inter-population crosses to evaluate interactions between LG4 and LG6 sex determining regions 3 4 7
To evaluate whether maternal control of sex at LG4 in OR-MRD extended to NM-LNF sires we 1:1 sex ratios (χ2 <2.57; P >0.22); the remaining cross (OR-MRD27×NM-LNF23) was skewed toward 3 5 0 females (χ2 =4.77; P=0.03) (Table 1C ). For three of these crosses we genotyped progeny for LG6 and LG4 markers ( of the segregating SNPs on LG6 segregated with sexual phenotype in any cross (P =0.67-1), but all three To follow up on these phenotypic findings, we genotyped the progeny from OR-MRD93 and OR-3 6 8
MRD61when pollinated by NM-LNF23. In the first cross, all four SNPs on Fvb_35142k segregated 3 6 9 significantly with sex type (P =0.0002-0.05; Table 2 IIC), indicating that R alleles in both parents 3 7 0 influence male fertility. In the second cross, as expected if OR-MRD61 is RR, none of the LG6 SNPs To further explore the interaction between LG6 regions we assessed inter-population crosses 3 7 3 between NM-LNF females and OR-MRD hermaphrodites (Table 1C) . When crossed to OR-MRD45 and OR-MRD61, all three LNF females produced 0:1 sex ratio in the progeny as expected if the dam is rr and 3 7 5 both the sires are RR at LG6 and mfmf at LG 4 ( Table 3 ). The exception, however, was that when OR-
MRD93 was the sire all three NM-LNF females produced sex ratios that deviated significantly from the 3 7 7 1:1 expectation (all P < 0.01; Table 1C ). In fact, for all three crosses the female: hermaphrodite ratios fit a 3 7 8 2:1 (all P >0.80), potentially indicating a lethal genotype. To explore this hypothesis we genotyped the NM-LNF hermaphrodites as dams and OR-MRD hermaphrodites as sires did not produce many seeds 3 8 7 (Table 1C ). However, the fact that the cross between NM-LNF14 and OR-MRD45 produced two females 3 8 8 out of four total progeny is consistent their inferred heterozygous genotypes at the unmapped locus x (e.g. mfmf Rr Tt and mfmf RR Tt, respectively; Table 3 ). 15 PPRs (Table S3 ) can be considered top candidates for the fertility restorer, due to their presence in the reside in this region, although not more so than the rest of the genome. Nonetheless it is intriguing that reside in the LG6 region (Table S3 ). Only one of these is a PPR, but it is cp-targeted and not in the HOM03D000002 gene family. Furthermore, none of these seven genes are targets for the novel F-box 4 1 5 associated Fragaria miRNA family recently described in F. vesca (Xia et al. 2015) .
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A third locus (LGx) is also present and segregation analysis suggests it is unlinked to the LG6 4 1 7 locus (i.e., 9:7 ratio in the progeny of LNF14self, Table 1 ,2). Extensive mapping of genome-derived 4 1 8 sequences around the sex-determining regions in several crosses revealed that the MS allele was 4 1 9 epistatically dominant to R at LG6 and T at LGx. In fact, segregation results suggest that all loci interact,
but functional studies will be needed to determine if and how they interact molecularly and biochemically. CMS-like atp8-orf225 in the mitochondria (Table S1 ; Stanley et al. 2015; Govidarajulu et al. 2015) . We hypothesize that a CMS locus that disrupts pollen development by production of a toxic protein or energy The MS allele is both dominant to mf and epistatically dominant to R. Homozygosity for the t allele at the 4 3 3 third unmapped locus on LGx also leads to disruption of pollen production, and this locus could represent or near fixation (e.g., Garraud et al. 2011; Caruso and Case 2013) . This is especially true when there is 4 3 7 polymorphism in CMS (e.g., Dudle et al. 2001; Garraud et al. 2011 ) as there appears to be in F. vesca 4 3 8 subsp. bracteata. (Table S1 ; Stanley et al. 2015) . If so, the products of the LG4 locus might also be able 9 to block its action. Alternatively, the LGx locus could be a novel recessive male sterility locus that acts 4 4 0 independently of the others (as seen in Irkaeva et al. 1993) . By this same token, the LG6 locus may also 4 4 1 be a recessive male sterility locus that interacts with products of the LG4 locus unrelated to CMS, but this functionally verifying the genetic interactions. Several types of approaches will be required for this and to We observed population variation in the frequency of sex determiners, leading especially to hermaphrodites in OR-MRD (i.e., OR-MRD93), but would be expected to be rare given the low 4 6 7 frequency of r in this population. More generally, if our sampling is representative of the frequency of 4 6 8 genotypes in the populations, then r is more frequent (1:11 vs. 9:3; P < 0.01) in NM-LNF than OR-MRD, while MS is more frequent in OR-MRD than NM-LNF, though the latter is not statistically significant (3:9 4 7 0 vs. 0:12; P > 0.05). This spatial genetic structure of sex determiners could provide insights into past and LGx are restorer loci then R and T can restore all three mitotypes, and this would imply a greater 4 7 8 spatial range for restorers than mitotypes. Such a pattern has been inferred from crosses with differing hypothesis for sex determination (Figure 3 ). The interactions between these genes likely contribute to geographic context for the players in the F. vesca subsp. bracteata sex determination system and our sex-Alternatively these could reflect exposure of costs associated with restoration that may be complex also was the only plant inferred to be heterozygous at both the putative fertility-restorer loci (Table 3) . The present results can be considered in the context of the known sex determining regions in the it is intriguing to identify a locus on LG6 in F. vesca subsp. bracteata that also affects sexual expression. The fact that the sex determining region in F. vesca subsp. bracteata is near the 3' end of LG6, as is the However, the F. vesca subsp. bracteata LG6 locus (Rr) codes for recessive male sterility, whereas the LG 5 1 1 VI-Av locus in F. chiloensis has dominant male sterility. This difference alone might suggest they are not 5 1 2 the same locus, but it could also reflect a turnover in the sex determining chromosome. Heterogametic when release from mutational load is followed by sexually antagonistic selection (Blaser et al. 2014) .
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If, on the other hand, the F. vesca subsp. bracteata LG6 locus and the LG VI-Av sex determining 5 1 6 locus in F. chiloensis are entirely unrelated, the discovery of the F. vesca subsp. bracteata LG6 locus 5 1 7 provides additional evidence that LG6 is predisposed to be a sex determining chromosome, as initially thought to be prone to hosting sex determining regions because they house many genes that can affect 5 2 0 male function, or because a chromosome that already has been involved in sex determination is more 5 2 1 likely to seize back this role in the future (Graves and Peichel 2010, Blaser et al. 2014 ). This could be chiloensis is underway to test these ideas. In either event, the present results suggest great potential for 5 2 6 sexual lability in Fragaria, as male sterility evolves frequently, independently and via different genetic us to speculate that this lability is facilitated by ancient evolution of CMS and repeated evolution of The authors thank C. Kustek, L. Stanley, K. Schuller. H. Wipf for greenhouse, field or laboratory 5 3 3 assistance, the Ashman lab for discussion that improved the manuscript. This work was supported by the 5 3 4
University of Pittsburgh, the National Science Foundation (DEB 1020523 and RET/REU supplements to 5 3 5 TLA and DEB 1020271 to AL), UPitt Mellon and NSF Predoctoral Fellowships to MK, and Norman H. Delph, L. F., P. Touzet, and M. F. Bailey. 2007. Merging theory and mechanism in studies of gynodioecy. Sinclair. 2011. Multiple developmental processes underlie sex differentiation in angiosperms.
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Trends in Genetics 27:368-376. , D. A., P. Mutikainen, and L. F. Delph. 2001 . Genetics of sex determination in the gynodioecious Tables   6  9  1   Table 1 Phenotypic sex ratios from intra-(within population) and inter-population (between populations) 6 9 2 crosses of gynodioeicous Fragaria vesca subsp. bracteata. Three types of crosses are presented: selfed and OR-MRD populations (C). For each cross the dam, sire and total number of progeny scored for sexual 6 9 6 phenotype are given, as well as the number of female and hermaphrodite progeny, the predicted sex ratio 6 9 7 based on Table 3 genotypes of the parents. tested and reported in text. Na: Too few progeny (family size <10) to conduct a statistical test. LGx:
II. Crosses
Dam × Sire Sex
No. of progeny A. Within NM-LNF
NM-LNF23 × NM-LNF23 F 5 - G - - G T - . G T - A F 1 - G - - G T - . G T - A/G F 1 - G - - G T - . G T - . F 1 - G/T - - T G - . T C - A/G NM-LNF14 × NM-LNF14 F 4 - - - - G/T - - A/T - G/T C/T - F 4 - - - - G - - A - G T - F 7 - - - - T - - T - T C - H 10 - - - - G/T - - A/T - G/T C/T - H 5 - - - - G - - A - G T - NM-LNF2 × NM-LNF23 F 7 - G/T - - G G/T - A/T - G/T C/T - F 2 - G - - G T - T G/T C/T - F 1 - G/T - - G/T G/T - T T C - F 1 - . - - . . - . T C - H 7 - G/T - - G/T G/T - T T C - H 2 - T - - G/T G - A/T T C - B. Within OR-MRD OR-MRD93 × OR-MRD93 F 8 T G H 28 G/T A/G H 3 G A OR-MRD61 × OR-MRD93 H 2 - A/G H 7 A/G G H 2 G A/G H 1 G G
C. Between OR-MRD and NM-LNF
OR-MRD30 × NM-LNF23 F 1 - G/T A - G/T C - G/T C/T - A/G C/T G/C A/C F 1 - G/T A - G/T C - . . - . . . . F 1 - G/T A - G/T C - G/T C/T - A/G C G/C A/C F 3 - G/T A/G - G/T G/C - G/T C/T - A/G C/T G/C A/C F 1 - G/T A/G - G/T G/C - G/T C/T - . . G/C A/C F 1 - G/T A/G - G/T G/C - G/T C/T - G C/T G/C A/C F 1 - T A - G C - T C - A/G C G/C A/C F 2 - T A - G C - T C - G C G/C A/C F 2 - T A/G - G G/C - T C - G C/T G/C A/C F 1 - T A/G - G G/C - T . - . . G/C A/C H 2 - G/T A - G/T C - G/T C/T - A/G C G G H 4 - G/T A/G - G/T G/C - G/T C/T - A/G C/T G G H 1 - T A/G - G G/C - T C - G C/T G G H 2 - T A/G - G G/C - T C - A/G C/T G G H 1 - T A - G C - . . - . . G G OR-MRD30 × NM-LNF14 F 1 - - A - G - C T A/G T . - A G/T F 1 - - A - G - C A/T A/G G/T . - A G F 1 - - A - G/T - C T A/G T . - A G/T F 1 - - A - G/T - C T A/G T . - A G F 1 - - A - G/T - C T A/G T C - A G F 1 - - A/G - G/T - G/C T A T C - A G F 1 - - A/G - G/T - G/C . A T . - A G/T F 1 - - A/G - G - G/C A/T . . . - A G/T F 1 - - A - G/T - C . A/G T . - A G/T H 3 - - A - G/T - C T A/G T C - A/C C/T H 1 - - A - G - C A/T A/G G/T . - A/C C/T H 1 - - A - G - C . A G/T C - A/C C/T H 1 - - A/G - G - G/C A/T A . . - A/C C/T H 1 - - A/G - G/T - G/C T . . . - A/C G/C OR-MRD90 × NM-LNF23 F 5 A/G G/T G G/T G/C A/C F 5 G G/T G G/T G/C A/C F 10 A/G T G/T G G/C A/C F Position
